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Egr-1 -Induced Endothelial Gene Expression: 
A Common Theme in Vascular Injury 

Levon M. Khachigian,* Volkhard Lindner,! Amy J. Williams, 

Tucker Collinsi: 

A number of pathophysiologically relevant genes, including platelet-derived growth factor 
B-chain (PDGF-B), are induced In the vasculature after acute mechanical Injury. In rat 
aorta, the activated expression of these genes was preceded by a marked increase in the 
amount of the early-growth-response gene product Egr-1 at the endothelial wound edge. 
Egr-1 interacts with a novel element in the proximal PDGF-B promoter, as well as with 
consensus elements in the promoters of other genes induced by endothelial injury. This 
interaction is crucial for injury-induced PDGF-B promoter-<Jependent expression. Spl, 
whose binding site in the PDGF-B promoter overlaps that of Egr-1 , occupies this element 
in unstimulated cells and is displaced by increasing amounts of Egr-1 . These findings 
implicate Egr-1 in the up-regulated expression of PDGF-B and other potent mediators in 
mechanically injured arterial endothelial ceils. 



CCAP^=X3CTGGAGG-3'. R: 5'-CCGCGGCTGTTC- 
CGGG-5'; exon 2 (168 bp), F: 5'-AGTAACGTACT- 
TGTTAACTTTGGC-3', R: 5'-AGAGGAAGATACC- 
TATCACGTG-3': exon 3 (227 bp), F: 5'-AAAATG- 
GAAGCATTTGGTAATCA-3'. R: 5'-AGTGAACTAA- 
AATTCTTAGAGGG-3'; exon 4 (250 bp), F; 5'-AAG- 
CAATGATGACAAAGTGCTAAC-3'. R: 5'-TGGTG- 
CACAATGTCACATTTCGG-3'; exon 5a (223 bp). F: 
5'-CTGAAGGGCTGTGCTGTGGA-3', R: 5'-TGTC- 
CTTACAAACGGGGCT-3'; and exon 5b (224 bp), F: 
5'-CCCATGCTCAAGACATACTCC-3', R: 5'-ACA- 
GTAAGGAAAAAACAAACAGGC-3'. Ampliftcatbns 
for exons 2, 3. 4. 5a. and 5b consisted of 30 cycles 
with the following parameters: 1 min at 94*'C, 1 min at 
55'*C, and 1 min at 72**C. To amplify the highly GC- 
rich exon 1 , we raised the annealing temperature to 
G8°C and 10% dimethyl sulfoxide was added to the 
reaction. The search for mutations was conducted 
with single-strand conformation polymorphism analy- 
sis [M. Orita. Y. Suzuki. T. Sekiya. K. Hayashi, Genom- 
ics 5. 874 (1 989)] in 1 68 FRDA patients, and chemical 
cleavage [J. A. Saieeba, S. J. Ramus. R. J. H. Cotton. 
Hum. Mutat 1 . 63 (1992)] in 16 patients. 
5. Assuming a FRDA carrier frequency in Italy of 1 out 
of 1 20 individuals (2) and a frequency of II 54F of 1 
out of 40 FRDA chromosomes in Southern Italians, 
one individual in 3300 in that population is expect- 
ed to be a carrier of 11 54F. Finding such a person in 
a random sample of 21 0 individuals can occur with 
>6% probability. 

7. The Perkin-Elmer XL long-PCR reagent kit was 
used to set up the reactions, and standard conditions 
were used as suggested by the manufacturer with 
primers 5200Eco (5'-GGGCTGGCAGATTCCTCGA- 
G-3') and 5200Not (5'-GTAAGTATCCGCGCCGG- 
GAAC-3'). Amplifications were performed in a Perkin- 
Elmer 9600 machine and consisted of 20 cycles of the 
following steps: 94**C for 20 s. 68'C for 8 min, fol- 
lowed by 1 7 cydes In which the length of the eS^C- 
step was irx?reased t>y 1 5 s per cycle. The generated 
amplification product is 5 kb from normal chromo- 
somes, and about 7.5 kb from FRDA chromosomes. 

8. The primers GAA-F (5'-GGGATTGGTTGCCAGT- 
GCTTAAAAGTTAG-3') and GAA-R (5'-GATCTAAG- 
GACCATC^TGGCCACACTTGCC-3') flank the GAA 
repeat and generate a PGR product of 457 -I- 3n bp (f? 
= number of GAA triplets). With these primers, effi- 
cient amplification of normal allies could be obtained 
by using the traditional PGR procedure with Taq poly- 
merase after 30 cycles consisting of the following 
steps: 94*'C for 45 s, 68**C for 30 s, and 72*'C for 2 
min. Enlarged alleles were much less efficiently ampli- 
fied, particularty wrfien present together wflth a normal 
allele; tfierefore, use of these primers is not indicated for 
FRDA carrier detection. A more efficient arhplification of 
expanded alleles, also in FRDA carriers, could be ob- 
tained by using trie primers Bam {5'-GGAGGGATC- 
CGTCTGGGCAAAGG-3') and 2500F (5'-CAATCCAG- 
GACAGTCAGGGCTTT-3'). These primers generated 
a 1 .5-kb normal fragment. Amplification was conducted 
with the long PGR protocol, in 20 cycles composed of 
the following steps: 94''C for 20 s. 68X fa 2 min and 30 
s, followed by 1 7 cydes in which the length of the es^C 
step was increased by 1 5 s per cycle. 

9. K, S. Koch ef a/. , Nucleic Acids Res. 23 . 1 098 (1 995). 
0. A. M. Gacy. G. Goellner, N. Juranic. S. Macura. C. T. 

McMun-ay. Cell 81 , 533 (1995): X. Ghen et al.. Proc. 
Natl. Acad. Sci. aS.A. 92, 5199 (1995). 

;i . E. Monros et al. . in preparation. The polymorphism 
has two alleles, one of which is present in 84% 
of FRDA chromosomes and in 23% of normal 
chromosomes. 

!2. See G. Imbert et al.. Nature Genet. 4, 72 (1993). 
vrfrere the absolute linkage disequilibrium In myoton- 
ic dystrophy is explained by recurrent mutations on 
such an at-risk allele. 

13. G. Bates and H. Lehrach. Bioassays 1 6. 277 (1994); 
J.-L. Mandel. Nature Genet. 7, 453 (1994); E, R. 
Fearon et al. , Science 247. 49 (1 990). 

M. P. Shetboume et al.. Hum. Mol. Genet. 1, 467 
(1992); K. L O'Hoy et a/.. Science 259, 809 (1993). 

15. S. I. Bidichandani ef al., in preparation. 

16. S. Banfi et al.. Nature Genet 7. 513 (1994); Y. 
Kawaguchi ef al. , ibid. 8. 22 1 (1 994); Y. Trottier et al. , 
Nature 378, 403 (1995); K. Savrtsky et al.. Science 
268,1749(1995). 



Vascular endothelium constitutes a non- 
thrombogenic surface of normally quiescent 
cells that line blood vessels and regulate 
molecular and cellular movement across the 
vessel wall. In response to denuding injury, 
endothelial cells at the wound edge spread 
and migrate into the vacant area, undergo 
proliferation, and secrete factors that stim- 
ulate endothelial and smooth muscle cell 
growth. These responses provide an impor- 
tant homeostatic mechanism for maintain- 
ing normal vascular function. PDGF has 
been implicated in the regenerative events 
that follow vascular injury. The induction 
of PEX3F expression in vascular endotheli- 
um may have profound chemotactic and 
mitogenic effects on the underlying smooth 
muscle cells and may contribute to the struc- 
tural remodeling that typically occurs in ex- 
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perimental arterial repair, in restenosis, and 
in the pathogenesis of atherosclerotic vascu- 
lar disease (]). Despite a wealth of descrip- 
tive studies that correlate the formation of 
vascular occlusive lesions with the inappro- 
priate expression of PDGF and other 
growth-regulatory molecules (2, 3), a direct 
link between a transcription factor and the 
induced expression of a pathophysiologically 
relevant gene has not yet been demonstrat- 
ed in the context of arterial injury. 

In a survey of immediaie-early genes that 
could be induced by acute vascular injury in 
rat aorta (4, 5), we examined the expression 
of Egr-1, a serum-inducible zinc-finger nucle- 
ar phosphoprotein and member of a family of 
related transcription factors (6). In situ hy- 
bridization techniques that visualize the en- 
dothelium of the vessel wall en face revealed 
that Egr-i expression was markedly induced 
exclusively at the endothelial wound edge 
within 30 min of partial denudation (Fig. 
IB). Egr-1 expression was undetectable in 
endothelium from unmanipulated arteries 
(Fig. lA). Induced Egr-1 iiJlNA remained 
apparent after 2 hours (Fig- ID), and the 
time-dependent decrease in 'the specific hy- 
bridization signal (Fig- 1, B to D) demon- 
strates the transient induction'of endothelial 
Egr-1 expression by injury. In contrast, the 
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sense Egr-1 riboprobe failed to hybridize with 
mRNA from normal or injured tissue (Fig. 1, 
E and F). Amounts of PDGF-B transcript 
were also low in unmanipulated vessels (Fig. 
IG), consistent with the results of studies 
that used other techniques (3, 4, 7). Partial 
denudation did not induce PDGF-B expres- 
sion at the endothelial wound edge until 4 
hours after injury (Fig. IH); this induction 
continued for several weeks during endothe- 
lial regeneration (4)- The colocali^tion of 
the spatial patterns of Egr-l and PDOb-b 
expression, and the potential kinetic associ- 
ation between these two genes in injured 
arterial endothelium, led us to investigate 
whether Egr-1 could inducibly regulate the 
expression of PDGF-B. 



In response to mechanical injury in 
vitro, confluent endothelial cells initiate 
movement into the open "wounded" area 
by actively responding to locally derived 
signals or autocoids from injured cells. 1 his 
standard in vitro model of vascular injury 
(8) was used to address the possible link 
between Egr-1 and injury-induced FLXjb-b 
expression. Nuclear ninoff analysis revealed 
that Egr-1 gene transcription was induced 
in cultured bovine aortic endothelial cells 
(BAECs) within 1 hour of injury (9). In a 
previous study (10), 5' deletion analysis of 
the PDGF-B promoter in endothelial cells 
defined a region necessary for core promoter 
activity (d77) that contained a binding site 
for the ubiquitous transcription factor, bpl- 





crographs of en face preparations of rat aortK: e^"^^''^^!'^'^^^^^ o, Egr-1 mRNA. Egr-1 
ril^probes(22)areshowr,.(A)Endott^umon^^a^ag^^ 

mRNA was detectable at the leading edge (8)30 mm. ^) ,£) or endothelium 

cations, x300. 
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Recent in vivo footprint analysis of the 
promoter demonstrates that the Spl ele- 
ment is indeed occupied in intact cells (II), 
In vitro deoxyribonuclease I (DNase I) 
footprint ing revealed that recombinant 
Egr-1 protected a region overlapping this 
site from partial DNase I digestion (Fig. 
2A). When nuclear extracts from endothe- 
lial cells 1 hour after injury were incubated 
with a ^^P-labeled oligonucleotide spanning 
this region P^P-Oligo B (12)1 a distinct 
nucleoprotein complex formed (Fig. 2B, 
band B2). The injury-induced complex was 
eliminated by antibodies to Egr-1 (Fig. 2B). 
Nuclear Spl also bound to the PDGF-B 
promoter fragment; however, its concentra- 
tion was unaltered by injury (Fig. 2R). 
Thus, injury-induced endothelial Egr-1 ex- j 
pression precedes the induction of PDGF-B j 
(Fig. 1), and Egr-1 binds to a distinct region j 
in the PDGF-B promoter also bound by Spl j 
(Fig. 2, A and B). 1 
We next investigated the functional 1 
importance of this interaction for PDGF-B ■ 
promoter-dependent gene expression. 
Northern (RNA) blot and transient trans- 
fection analysis using PIX5F-B promoter- 
reporter constructs revealed that this gene 
is basally expressed in vascular endothelial 
cells (10). Chloramphenicol acetyltrans- 
ferase (CAT) expression driven by the 
PDGF-B promoter (d77-CAT) was in- 
duced by injury within 36 hours (Fig. 2C). 
Reporter activity also increased .in cells 
exposed to phorbol 12-myristate 13-acetate 
(PMA) or by cytomegalovirus-mediated 
overexpression of Egr-1 (CMV-Egr-1) (Fig. 
2C). When a mutation that abolished the 
ability of Egr-1 to bind to the PDGF-B 
promoter (Fig- 2D) was introduced into the 
d77-CAT construct, basal expression driven 
by the promoter was attenuated, and expres- 
sion inducible by injury was abolished (Fig. 
2C). The mutant construct also failed tc 
mediate increased reporter activity wher 
Egr-1 was overexpressed or when the cell 
were exposed to PMA (Fig- 2C). The Egr-. 
binding site in the proximal PlXjF-B pro 
moter is thus required for inducible promot 
er-dependent expression in vascular endo 
thelial cells. , - , 

The interaction of Egr-1 and bpl wit- 
overlapping binding elements in the prox 
mal PDGF-B promoter suggests that Sp; 
resident on the promoter in unstimulate 
cells, may be displaced by increasir 
amounts of Egr-L Running gel shifts {I: 
indicated that recombinant Egr-1 bourid t 
the PDGF-B promoter in a stable and r 
versible manner (Fig. 3A). The relative e 
ficiency with which Egr-1 was displao 
from ^^P-Oligo B by its unlabeled, counti 
part (Fig: 3A) indicates that Egr-1 intera< 
with the PDGF-B promoter with a fasi 
dissociation rate than its comparable site 
the proximal PDGF-A promoter (13). ^ 
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; the tvvas displaced from the promoter by Egr-1 in 

ele- a dose -dependent manner (Fig. 3B). De- 
{il). creasing amounts of Egr-1 in the presence of 
se I) a fixed concentration of Spl allowed reoc- 
inam , cupation of the promoter by Spl (Fig. 3B). 
; this The absence of a higher order complex 

(Fig. vhen both factors were present indicates 
othe- that Egr-1 and Spl do not bind the promot- 
bated cr simultaneously (Fig. 3B). These findings 
ining with recombinant proteins indicate that an 
stinct interplay involving Egr-1 and Spl can oc- 
. 2B, \ cur on the PCK3F-B promoter. 
X was ' The localized induction of Egr-1 at the 
. 2B). endothelial wound edge precluded a direct 
GF-B determination of whether a displacement 
sntra- mechanism was involved in the induction 

2B). of PDGF-B expression by injury, PMA is a 
-1 ex- model agonist of Egr-1 expression in vascu-' 
)GF-B Mar endothelial cells {13). The marked in- 
region duction of Egr-l mRNA and protein that 
jy Spl preceded the increase in the amount of 
PDGF-B in endothelial cells exposed to 
tional PMA (Fig. 3C) is like the temporal pattern 
)GF-B with which these genes are expressed at the 
ission. endothelial wound edge after arterial bal- 
trans- 'loon injury (Fig. 1). The amounts of Spl 
Tioter- transcript and protein were also unaffected 
s gene by PMA (Fig. 3C). Nuclear proteins from 
thelial PMA-treated endothelial cells bound to the 
Itrans- PDGF-B promoter with a pattern similar to 
3y the d\at observed with injury-induced extracts 
as in- (compare Figs. 2B and 3D). Immunobind- 
y. 2C). ing studies determined that complexes Bl 
.1 cells and B2 contained Spl and Egr-1, respec- 
acetate lively (Fig. 3D). The extreme Egr-1 induc- 
-diated fion by PMA demonstrates the ability of 
I) (Fig. this transcription factor to displace Spl 
led the from the PDGF-B promoter in the context 
DGF-B of nuclear extracts (Fig. 3D). Accordingly, 
nto the the PMA- inducible endothelial expression 

driven of PDGF-B, like that of PDGF-A (i3), 
expres- involves an interplay between Egr-1 and 
td (Fig- jpl at overlapping binding sites in the 
liled to proximal promoter. This result contrasts 
/ when rith a previous report suggesting that Egr-1 
he cells Eiay serve as a negative regulator of gene 
le Egr-1 transcription by blocking the binding of 
'-B pro- Spl to its own recognition sequence (14). 
promot- These findings suggest that the localized 
r endo- induction of PDGF-B expression at the en- 
iothelial wound edge may also involve dis- 
pl with placement of promoter-bound Spl by ele- 
e proxi- "ated amounts of nuclear Egr-1. Egr-1 may 
lat Spl» « involved in interactions with other tran- 
mulated criptional activators and the basal complex 
creasing ^ mediate increased gene expression in 
ifts (i3) tsponse to injury. 

(ound to Transcriptional activation mediated by 
and re- igr- 1 may be an important common theme 
ative ef- iiat integrates vascular injury with specific 
lisplaced aitems of induced gene expression. Puta- 
counter- ve nucleotide recognition elements for 
interacts gr-1 appear in the promoters of a number 
a faster f pathophysiologically important genes, in- 
le site in tuding human transforming growth factor 
13). Spl rGF)-pl (J5), tissue factor (TF) (16), 
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Fig. 2. Injury-induced nuclear and 
recombinant Egr-1 interact func- 
tionally with the proximal PDGF-B 
promoter. (A) Recombinant Egr-1 
and Spl interact with overlapping 
elements. In vitro DNase I footprint- 
ing was performed using recombi- 
nant Egr-1, Sp1, or c-Jun (AP-1) 
homodimers {10, 73); the G ladder 
represents G nucleotides in the 
proximal promoter. (B) Injury-in- 
duced Egr-1 interacts with the 
proximal PDGF-B promoter. EMSA 
(23) was performed using in vitro 
injured (4) endothelial nuclear extracts with ^^p-oiigo B (72). Competition studies determined that bands 
Bl and B2 were specific (9). The gel shift on the right was electrophoresed further to clarify these 
complexes. An asterisk indicates the position of this band common to both gels. C. control (uninjured) 
endothelial monolayers; aS and aE. anti-Spl and anti-Egr-1 , respectively. Free probe is indicated. (C) 
Effect of mechanical injury, PMA, or overexpressed Egr-1 {CMV-Egr-1) on reporter gene expression 
driven by the PDGF-B promoter (d77-CAT) or a counterpart bearing a mutation in the region bound by 
Egr-1 (d77mEgr-CAT) (24). (D) Mutation of the Egr-1 binding site in the proximal PDGF-B promoter 
abrogates Interaction with Egr-1 . EMSA (27) was performed using recombinant Egr-1 with 32p_0[jgo B or 
32p-Otigo Bm(72). 



Fig. 3. Displacement of 
Sp1 by Egr-1 in the prox- 
imal PDGF-B promoter. 
(A) Egr-1 binds to the 
proximal PDGF-B pro- 
moter in a stable and re- 
versible manner (25). (B) 
Displacement of Spl is 
dependent on the 
amount of Egr-1 (26). 
The Spl bar on the left 
(above the lanes) indi- 
cates preincubation of 
the probe with Spl be- 
fore addition of Egr-1; 
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the Sp1 bar on the right indicates simultaneous incuba- 
tion of the probe with Sp1 and Egr-1. (C) Amounts of 
PDGF-B, Egr-1 , and Sp1 transcript and protein in BAECs 
exposed to PMA (100 ng/ml) for the times indicated. 
Northern blot (left panel) (73) and protein immunoblot 
(right panel) (27) analysis was performed as described. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was used as a control. (D) PMA-induced Egr-1 binds to 
the proximal PDGF-B promoter. EMSA (23) was per- 
formed in which PiVlA-induced (100 ng/ml for 1 hour) 
endothelial nuclear extracts were incubated with ^^r- 
Oligo B before (left panel) and after (right panel) titration of 
the PMA-induced extract. Competition studies deter- 
• mined that Bl and B2 were specific (9). C. control (un- 
treated) endothelial cell monolayers; aS and aE, anti-Sp1 
and anti-Egr-1 , respectively. The gel shift on the right 
panel was electrophoresed further to clarify Bl and B2. 
Free probe is indicated. 
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Fig. 4. A common theme 
in injury-induced endo- 
thelial gene expression. 
(A) Ck3mparison of the or- 
ganization of the human 
PDGF-B, PDGF-A. u-PA. 
TF, and TGF-pi promot- 
ers, illustrating positions 
of consensus Sp1 (28) 
and Egr-1 (29) elements. 
The putative Egr-1 bind- 
ing site in the u-PA pro- 
nrtoter is one base pair 
mismatch from the con- 
sensus. The position of 
the TATA element is indi- 
cated by the letter T. Re- 
gions of the promoters 
used as oligonucleotides 
in EMSA are boxed. (B) 
Interaction of Egr-1 and 
Spi with the promoters 
of several pathophysi- 
ologically relevant genes. 
EMSA (27) was per- 
fomied using =^2p-iabeled 
oligonucleotides from the 
PDGF-A (5'-GGGGGG- 
GGCGGGGGGGGGG- 
GCGGGGGAGGG-3'). 

TGF-pi (5'-CCTGGGGGCCGCCGCCGCTGCGGGCCCGTG-3:). u-PA (5'- 
GGAGAGGGAGGGGGGGCGGCGGGGCGGGCC-3'). and TF (5'-GCG- 
GCGGGGGCGGGCGCGGGGGGCGGGCAG-3') promoters as well as re- 
combinant Egr-1 and Sp1. In lanes marked S^E, Spi was preincubated 
with the probe [indicated in (A)] for 1 5 min, and a molar excess of Egr-1 was 
incubated with the binding mixture for 30 min. (C) Endothelial gene expres- 
sion in rat aorta after partial denudation (22). Photomicrographs of en face 



a »2p-OIlgo "p_oiigo «p-OIigo "P-OHgo ^Zp-Oligo 
Bm A TGF-B1 u-PA TF ^ 





preparations of aortic endothelium hybridized with ^^S-UTP-labe 
sense riboprobes for PDGF-A (a and b, unmanipulated and 4 ho- 
injury, respectively), TGF-pi (c and d, unmanipulated and 24 ho 
injury, respectively), and u-PA (e and f, unmanipulated and 2 
after injury, respectively). Area to the right of the dashed arrow indie 
denuded zone; intact endothelium is to the left of the arrow. Magnif 
X300. 



urokinase-type plasminogen activator 
(u-PA) (17), PEX3F-A (13), and PEXjF-B 
(Fig. 2 A), as well as in the Egr-1 promoter 
itself (i 8) (Fig. 4A). The PMA- and serum- 
response regions in several of these promot- 
ers-contain elements- that can interact spe — 
cifically with both recombinant Egr-1 and 
Spi (Fig. 4B). Moreover, elevated amounts 
of Egr-1 can displace prebound Spi from 
these promoters (Fig. 4B). Egr-1 is able to 
transactivate inducible expression through 
several of these binding sites (J3, 19). Ar- 
terial balloon injury induced the expression 
of these growth-regulatory molecules in vas- 
cular endothelial cells specifically at the 
wound edge (Fig. 4C) or in smooth muscle 
cells (20), and injury- induced endothelial 
Egr-1 can interact with the promoters of 
these genes (9). Thus, injury-induced Egr-1 
expression is both spatially and temporally 
consistent with a possible role for this pleio- 
tropic mediator in the regulation of multi- 
ple genes involved in vascular remodeling 
(Figs. 1 and 4C). The^ coordinated expres- 
sion of sets of growth factors and compo- 
nents of the coagulation system mediated 
by Egr-1 may contribute to the complex 
series of cellular and thrombogenic events 
in the development of vascular occlusive 
lesions. 
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weeks. The images were photographed and digi- 
tizfed. The hybridization signal of the radiolabeled 
probe appears as white grains. All specimens were 
observed under dark field illumination after nuclear 
counterstain with hematoxylin. Immunostaining for 
factor Vlll-related antigen {4) confirmed that injury 
was limited to endothelium. 

23. Binding was carried out in buffer ccntaining 50 mM 
NaO. 5 mM MgQg. 5% glycerol, 2.5 mM Hepes (pH 
7.9), 1 iiQ of pofydeoxyinosinic-deoxycytidytic acid, and 
20 tug of BSA for 30 min at 22''C. Polyclonal antipeptide 
antitxxJies to Sp1 and Egr-1 (Santa Cruz Biotechnolo- 
gy, Santa Cruz, Cfi^ were ircubated with nudear ex- 
UBCts 1 5 min before the addition of tfie probe. 

24. d77mEgr-CAT was constructed with the use of an 
oligonucleotide bearing the Oligo Bm (72) sequence 
as the 5' primer for the polymerase chain reaction. 
Transfections in BAECs were performed with 1 0 fi.g of 
reporter plasmid and the calcium phosphate protocol 
(ICf). The cells were incubated with PMA (100 ng/ml), 
cotransfected with CMV-Egr-1 , or injured with a ster- 



' Recently, D. J. Burks et al. {]) identified 
and characterized a human sperm receptor 
protein tyrosine kinase (RPTK), called 
Hu9, as a receptor for ZP3, a glycoprotein of 
the egg-surrounding matrix, zona pelucida. 
The finding is a step forward in our under- 
standing of the initiation of the acrosome 

^ reaction. However, the sequence presented 
bears some features that are problematic: 

1) The RPTK Hu9 is virtually identical 
over large parts with the human putative 
proto-oncogene c-mer (2); in these regions, 
Hu9 is more similar to human c-mer than is 
the mouse orthologue of c-mer (3) (Fig. 1). 

I c-mer is a member of the growing axl sub- 
family of RPTK genes that is characterized 
by high similarity and conservation of spe- 
cial features among the tyrosine kinase do- 
mains and by the presence of two immuno- 
globulin (Ig) and two fibronectin type III 
(FNIII) domains in its extracellular parts 
(3) (features that are missing in Hu9). This 
family includes c-eyk (4), which has [as 
reported by Burks et al. ( J )] 55% identity to 
Hu9 in the catalytic domain. 

2) Although Burks etal. ( i ) did not find 
any similarity to other proteins in the ex- 
tracellular part of Hu9, the first 70 amino 
acids are almost identical with an extracel- 
lular region of human c-mer and still 48% 
identical to the . corresponding region in 
c-eyk (Fig. lA). 

3) The proposed signal peptide of Hu9 
is unusual as it is almost entirely composed 
of hydrophilic rather than hydrophobic res- 
idues. This putative signal peptide is iden- 
tical with a region within the second FNIII 
domain in the rnuch larger extracellular 
part of c-mer and similar to other ojcMike 

■ RPTKs. FNIII modules are globular do- 
n[iains common to many extracellular pro- 



ite comb (8), and then incubated for 36 hours at ST^C. 
CAT activity was assessed by the two-phase fluor 
diffusion technique (75) and was normalized to the 
amounts of protein in the cell lysate. 

25. Recombinant Egr-1 was incubated with ^sp-Oligo B 
(72) for 30 min at 22''C and applied to a running 
nondenaturing 5% polyacr/lamide gel at the times 
indicated. Alternatively, a 1CXX)-fold molar excess of 
the unlabeled cognate was added after the 30-min 
incubation and applied to the ge! (27). 

26. Increasing amounts of recombinant Egr-1 were ap- 
plied to a solution in which Spl was preincubated 
vwth 32p-oiigo B (72) for 30 min at 22°C {Rg. 3B. left 
side). Alternatively. ^^P-Oligo B was Incubated vAih 
a fixed concentration of Spl and decreasing 
amounts of Egr-1 (Fig. 3B, right side) (27). 

27. Protein immunoblots were analyzed with polyclonal 
antibodies to Egr-1 and Spl (1 :2500: Santa Cruz 
Biotechnology) and to PDGF-B (1 : 200; Genzyme). 
Immunoreactive proteins were detected by en- 
hanced chemiluminescence (Amersham) with horse- 



teins (5); it is extremely unlikely that a part 
of a globular domain with a known P-sand- 
wich fold is able to function as a membrane- 
spanning helical segment, The presence of a 
signal sequence upstream from the stated 
(J) NHj-terminus is also supported by 73 
bases of the hu9 complementary DNA 
(cDNA) (GenBank database accession no. 
L08961 ), upstream of the predicted protein 
that are identical to human c-mer. 

4) Two regions of Hu9 seem to be 
frameshifted as compared with c-mer and 
the other axl-Vike RPTKs; one is located 
proximal to the transmembrane region and 
the other within the kinase domain (Fig. 
lA). In both cases, the cDNA is 100% 
identical to human c-mer, but the reported 
(]) amino acid sequence of Hu9 is totally 
different. 

5) Hu9 contains two inserts compared 
to the axMike RFTKs. TTie insert in the 
extracellular part contains a segment of 22 
residues that is identical (except for two 
small gaps) to a part of an Ig-like domain in 
rat PDGF receptor P (Fig. IB). The two 
frameshifted regions are located at the end 
of these inserts. In the case of alternative 
splicing this could be explained by difficul- 
ties in finding the exact termination of the 
introns. 

How can one make sense out of these 
observations? I offer two extreme inter- 
pretations: 

1) Hu9 could contain an extremely 
high sequencing error rate and could be 
identical to with human c-mer: (i) the 
cDN A- is far from being complete; it can be 
extended in both directions, by about 400 
amino acids upstream from the NHj-termi- 
nus as well as by 30 amino acids or so 
downstream from the COOH-terminus. (ii) 
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As the Hu9 RNA was apparently extracted 
from a testis library that includes cell nu- 
cleii (]), the hu9 cDNA could correspond 
with a nuclear pre-mRNA transcript or a 
defectively spliced transcript, implying that 
the two inserts would be spliced out of the 
mature RNA. (iii) The putative (double) 
frameshifted regions could be corrected by 
insertion or deletion of four bases in the 
appropriate positions (Fig. 1) leading to 
100% c-mer identity, (iv) Numerous small 
errors such as multiple omission of bases 
could be corrected. Finally, a protein with 
an estimated mass of about 95 kD could 
result, very similar in size to a ZP3 receptor 
characterised earlier in mouse and human 
by the same group (6). The interaction of 
the Ig domains with ZP3 would make sense, 
as ZP3 also contains a module (ZP) that is 
common to other zona pelucida proteins (7). 
Thus, a fine-tuned network of Ig-ZP inter- 
actions could initiate the signaling processes 
required for the complex acrosome reaction. 

2) Although unlikely, one could argue 
that the sequence presented shows ver^* re- 
cent evolution at work, (i) Hu9 would then 
be one of the first traceable cases where 
evolution incorporates frameshifts to create 
variety in proteins, (ii) The inserts in Hu9 
compared to c-Mer and other axMike 
RPTKs could be natural and would be ex- 
plained by alternative splicing or exon shuf- 
fling. The high similarity to a part of a 
globular Ig-like domain in PDGF receptor p 
supports the latter; reports of an alternative 
splicing site in human c-mer proximal of the 
membrane (2) point to the former, (iii) 
Alternative splicing might also lead to a 
truncated c-mer-like receptor that misses a 
largie fraction of the NH2- terminus and does 
not contain a signal sequence (that is, a 
nearly full-length cDNA has been present- 
ed), (iv) As Hu9 is closer to human c-mer in 
the regions of similarity than the putative 
mouse c-mer ortholog, one conclusion 
would be that divergence of Hu9 occurred 
after the descent of humans and rodents. 
This would, however, exclude a mouse or- 
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